The rapid growth and environmental adaptability of Eucalyptus species has favored their global cultivation for pulpwood production. On the island of Sardinia, Italy, eucalypt plantations were established in the 20 th century primarily in areas reclaimed from marshland, but the trees are now grown all over the island as ornamentals or windbreaks, and for timber, pulp and honey production. In recent years, an unusual decline and mortality of unknown etiology has been observed in Eucalyptus camaldulensis (river red gum) plantations throughout the island. Given the ecological and economic importance of eucalypt ecosystems in Sardinia, a survey was carried out in 2013 to determine which insect pests and fungal pathogens are directly involved in these phenomena. Field surveys throughout the island revealed severe infestations with the red gum lerp psyllid (Glycaspis brimblecombei) at all 12 surveyed sites, with the greatest numbers of pre-imaginal stages and adults occurring between May and July. The adult population reached its peak in July, followed 2 months later by the peak population of its specific parasitoid, Psyllaephagus bliteus. Symptoms of leaf chlorosis, crown thinning, shoot and branch dieback, sunken cankers, epicormic shoots and exudations of kino gum were also observed at the 12 field sites. Symptomatic woody samples yielded fungal isolates representing three distinct families: Botryosphaeriaceae, Diaporthaceae and Valsaceae. Morphological and DNA sequence data revealed seven distinct fungal species, namely Diaporthe foeniculina, Neofusicoccum australe, N. luteum, N. mediterraneum, N. parvum, N. vitifusiforme and Valsa fabianae. Two putative new species of Cytospora were also identified. Neofusicoccum australe was the only species recovered from all 12 sites, with isolation frequencies of 51-95%. Pathogenicity trials revealed that all Neofusicoccum species except N. vitifusiforme are directly involved in the etiology of the observed decline in the E. camaldulensis population on Sardinia.
Introduction
Eucalyptus L'Hér. is a large genus in the family Myrtaceae which includes evergreen trees and shrubs, mostly native to Australia (Brooker 2000 , McKinnon et al. 2008 . The rapid growth of Eucalyptus species and their adaptability to different environmental conditions has favored their widespread cultivation, particularly in the tropics and in the southern hemisphere, providing one of the most important global sources of structural timber, pulp and fuel-wood (Flynn 2010) .
In Italy, eucalypt plantations cover more than 72,000 ha. The most common species are Eucalyptus camaldulensis Dehnh., E. globulus Labill. and E. occidentalis Endl. The massive introduction of these exotic species began in the first half of the 20 th century to protect areas affected by soil erosion and to produce pulpwood for the paper industry (Boggia 1987 , Mercurio & Minotta 2000 . Eucalypt plantations on the island of Sardinia were estimated to cover 8000-8700 hectares (Mercurio & Minotta 2000) , but more recent investigations as part of a Sardinian regional program (Buffa 2015) provided a more accurate quantification of the area covered by plantations of at least 1 ha, revealing a total of 22,754 ha, 90% of which are less than 400 m above sea level. These were established initially in areas reclaimed from marshland but have subsequently spread all over the island. The trees are cultivated as windbreaks and ornamentals, for the production of pulpwood, biomass and construction timber, and more recently for the production of honey.
Over the last few decades, several insect pests and fungal pathogens have threatened Eucalyptus species in both native and introduced ranges (Ohmart & Edwards 1991 , Crous & Wingfield 1997 , Wingfield et al. 2008 , Branco et al. 2014 . In Australia, where forests and woodlands are dominated by eucalypts, several research teams have investigated the prevalent insect pests, whereas studies of exotic plantations have usually focused on the insects of greatest economic importance. The massive introduction of eucalypts into new environments has created problems with exotic pests, including indigenous insects that have adapted to feed on these new hosts. Recent invasions of exotic species have been reported, including sap-sucking insects such as Glycaspis brimblecombei Moore, Blastopsylla occidentalis Taylor and Thaumastocoris peregrinus Carpintero & Dellapé (Brennan & Gill 1999 , Wilcken et al. 2010 , Tamesse et al. 2010 . Other investigations have considered the gall wasps Ophelimus maskelli Ashmead and Leptocybe invasa Fisher & La Salle, as well as beetles such as Phoracantha semipunctata Fabricius, P. recurva Newman and Gonipterus scutellatus Gyllenhal (Paine & Millar 2002 , EPPO 2006 .
Glycaspis brimblecombei, the red gum lerp psyllid, is considered the most serious pest of eucalypts in the Mediterranean area (Bella & Rapisarda 2013 , Reguia & PerisFelipo 2013 , Ben Attia & Rapisarda 2014 , Spodek et al. 2015 and E. camaldulensis Dehnh. is the most susceptible to infestation (Brennan et al. 2001) . Glycaspis brimblecombei was first detected in Italy in 2010 (Laudonia & Garonna 2010) and quickly spread through the central-southern areas including Sicily and Sardinia. Eggs are laid on the leaf surface, and the developing nymphs form conical white covering structures (lerps) from lipids, proteins and carbohydrates, and live under the protective structure where they feed by penetrating the vascular tissues and withdrawing sap (Sharma et al. 2013) . Adults and nymphs also produce large amounts of honeydew, promoting the growth of sooty mold. The resulting damage includes leaf discoloration and, in the case of heavy infestations, severe leaf drop. Psyllaephagus bliteus Riek (Hymenoptera Encyrtidae) is a specific natural enemy of G. brimblecombei and develops solely on this host (Paine et al. 2000 , Daane et al. 2005 . It is present in Italy and has been used for classical biological control strategies (Caleca et al. 2011) .
One of the most serious diseases affecting eucalypt trees worldwide is Mycosphaerella leaf disease (MLD), which represents a substantial economic threat to commercial plantations (Crous et al. 2007b , Wingfield et al. 2008 , Branco et al. 2014 . The predominant symptoms of MLD are leaf spots that often enlarge and coalesce to form blotches on the leaf surface, causing leaf blight, premature defoliation and shoot dieback, and stunting (Lundquist & Purnell 1987) .
Other severe diseases that pose a threat to eucalypt plantations worldwide include eucalypt rust caused by Puccinia psidii G. Winter, Ceratocystis wilt caused by Ceratocystis spp., certain canker-causing agents such as Chrysoporthe cubensis (Bruner) Hodges (= Cryphonectria cubensis), and species of Botryosphaeriaceae Theiss. & P. Syd. (Coutinho et al. 1998 , Gryzenhout et al. 2004 , Roux & Wingfield 2009 , Slippers et al. 2009 ). The wide distribution and virulence of the latter cause the greatest negative impact on eucalypt trees both in native and introduced ranges , Mohali et al. 2007 (Webb 1983 , Old et al. 1990 , Smith et al. 1994 , while Lasiodiplodia theobromae (Pat.) Griffon & Maubl. was the species most frequently reported in tropical areas (Sharma et al. 1984 , Roux et al. 2001 , Mohali et al. 2005 . However, recent studies based on DNA sequence data have revealed that several strains previously identified as B. dothidea and N. ribis are in fact strains of N. parvum . Furthermore, several cryptic species have been identified within the L. theobromae species complex and four species are currently known to infect eucalypt trees, namely L. crassispora Burgess, Barber & Pegg and L. theobromae (Burgess et al. 2006b , Slippers et al. 2009 ).
Despite the occurrence of pests and pathogens in other countries, neither insect pests nor serious fungal diseases were observed on eucalyptus plantations in Sardinia until 2010. Since then, beekeepers have reported a remarkable reduction in eucalyptus honey yields, which have been attributed to inflorescence damage caused by insects. Subsequent field surveys have demonstrated the pullulation of psyllid infestations and the widespread decline and mortality of young and mature E. camaldulensis trees, with unknown etiology.
Given the economic importance of eucalyptus plantations for the regional economy and the potential losses caused by these emerging pests and diseases, we set out to record the symptoms and study the etiology of the decline events in Sardinian eucalypt plantations, to determine the virulence of the major fungal pathogens, and to investigate the population dynamics of the prevalent insect pest G. brimblecombei and the role of its specific parasitoid P. bliteus.
Materials and methods

Field surveys and sampling procedure
Field surveys were carried out in spring, summer and autumn 2013, at 12 E. camaldulensis plantation areas throughout Sardinia (Tab. 1). Stem and branch cankers were the most frequent symptoms, so the agents responsible at each site and season were determined by selecting five declining trees and collecting samples on the stem or branches from the margin of three active cankers per tree, making a total of 510 cankers.
The adult G. brimblecombei population was sampled by placing four yellow sticky traps (20 × 20 cm) in each study area from March to December. They were changed every 2 weeks and the number of adults was counted. To monitor P. bliteus parasitism, 16 leaves per station were randomly collected every 2 weeks. The number of unparasitized juvenile stages (neanids and nymphs) and mummies (parasitized nymphs) of G. brimblecombei were counted on the upper and lower side. The percentage of parasitism at each station was calculated as the ratio between the number of mummies and the total number of G. brimblecombei individuals (not taking into account the newly parasitized nymphs without symptoms, thus representing a conservative estimate). The susceptibility of second-instar G. brimblecombei psyllids to parasitism by P. bliteus is minimal due to the size of the lerps (Daane et al. 2005) .
Isolation and identification of cankerassociated fungi
Eucalyptus samples were taken to the 884 iForest 9: 883-891 
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Eucalyptus pests and diseases in Sardinia, Italy laboratory and the outer bark surface tissue was cut away with a scalpel. Longitudinal and transversal cuts from symptomatic branch samples revealed internal symptoms. Fungi were isolated from chips of inner bark and xylem tissue (~5 mm 2 ) removed from the margin of necrotic lesions with a sterile scalpel. All chips were cultured on potato dextrose agar (PDA, Oxoid Ltd., Basingstoke, UK) in Petri dishes. After incubation at 25 °C for 5-7 days in the dark, fungal colonies were sub-cultured onto half-strength PDA supplemented with autoclaved holm oak twigs and incubated at room temperature with natural daylight until the differentiation of reproductive structures was observed. The contents of conidiomata were dissected, mounted in 100% lactic acid and observed at x400 magnification. Fungal isolates were assigned to groups according to morphological features and representative isolates from each group were used for DNA analysis and pathogenicity tests.
DNA extraction, PCR amplification and sequencing
Genomic DNA was extracted from 5-dayold cultures grown on PDA at 25 °C using Instagene Matrix ® (BioRad Laboratories, Hercules, California, USA). The entire internal transcribed spacer (ITS) region of the ribosomal DNA, including the 5.8S rRNA gene, was amplified and sequenced using primers ITS1 and ITS4 (White et al. 1990 ), whereas part of the EF-1α gene encoding translational elongation factor 1 alpha was amplified and sequenced with primers EF446f and EF1035r (Inderbitzin et al. 2010) . PCR amplification was carried out as described by Linaldeddu et al. (2013) and the products were purified using the EUROGOLD ® gel extraction kit according to the manufacturer's instructions (EuroClone S.p.A., Pero, Italy). Both strands were sequenced by the BMR Genomics DNA sequencing service (http://www.bmr-geno mics.it). The nucleotide sequences were edited using FinchTV v. 1.4.0 (Geospiza, Inc., Seattle, Washington, USA; http:// www.geospiza.com/finchtv) and compared with sequences deposited in GenBank using the BLAST algorithm (http://blast. ncbi.nlm.nih.gov).
Pathogenicity tests
To verify the pathogenicity of each species investigated in this study, a field inoculation trial was conducted in May 2014 on asymptomatic E. camaldulensis trees located in a plantation in the south of Sardinia (Serramanna: 39° 41′ 96″ N, 8° 92′ 71″ E). During the experimental period, the daily mean air temperature was 14.6-32.3 °C and the total rainfall was 0.4 mm.
Six plants (15-20 cm trunk diameter) were inoculated at breast height with a representative isolate of each fungal species, and six uninfected plants were used as controls. The inoculated region of the trunk was surface-disinfected with 70% ethanol and a piece of outer and inner bark was removed with a flamed cork borer and replaced with an agar-mycelium plug taken from the margin of an actively growing colony on PDA. The original bark plug was placed on top of the agar disk and the inoculation site was covered with cotton wool soaked in sterile water and wrapped in a piece of aluminum foil secured with masking tape. Controls were inoculated with a sterile PDA plug applied as described above. After 1 month, the outer bark was carefully removed with a chisel and the necrotic lesion surrounding each inoculation site was measured by placing transparent paper over the top of the lesion and drawing around the perimeter. The image of each lesion was scanned and the area was determined using the Assess v. 2.0 software (Lamari 2002) .
The re-isolation of inoculated species was attempted by transferring onto PDA 10 pieces of inner bark and wood taken from around the margin of each lesion. Cultures were grown in daylight and room temperature until the development of fungal colonies was observed.
Statistical analysis
Pathogenicity assay data were checked for normality, then subjected to analysis of variance (ANOVA). Significant differences among mean values were determined using Fisher's least significant differences multiple range test (α = 0.05) after oneway ANOVA using the software package XLSTAT ® (Addinsoft, Paris, France). The abundance of G. brimblecombei and the prevalence of P. bliteus parasitism were analyzed using a two-factor design (station and month) general linear model of ANOVA, and means were separated by Fisher's least significant differences test.
Results
Field surveys
Glycaspis brimblecombei and its parasitoid P. bliteus were monitored at 12 field sites to characterize the population dynamics in each area. Glycaspis brimblecombei infestations were abundant at all the field sites on both declining and asymptomatic trees (Fig. 1) . No significant differences were observed among the sites in terms of adult abundance (F=1.60, df=11, P=0.1097), preimaginal stage abundance (F=0.84, df=11, P=0.5989) or the level of parasitism (F=1.37, df=11, P=0.1999), thus mean values representing the data collected at all sites are presented in Fig. 2 . There was a significant increase in the number of pre-imaginal (F=27.29, df=9, P<0001) and adult G. brimblecombei (F=10.29, df=9, P<0001) between May and July, followed by a decrease in the subsequent months. The sticky traps revealed a peak in the number of adults in July with a mean value of 26 specimens per trap per day. There was a strong correlation between the number of adult females caught in the sticky traps and the immature stages on the foliage samples (r > 0.90). The incidence of parasitism showed a bimodal trend, with the September value (52%) significantly higher than all other months except October (F=6.97, df=9, P<0.0001). Parasitism reached a peak 2 months after the peak population of preimaginal stage and adult G. brimblecombei.
Eucalyptus camaldulensis trees affected by decline and mortality were abundant at all the field sites, suggesting the phenomenon we observed was epidemic. Both young and old trees exhibited various canopy symptoms, including the progressive dieback of twigs and branches associated with the abnormal growth of epicormic shoots (Fig. 3) . All declining trees showed extensive sunken cankers on the branches and trunk, often with copious exudations of kino gum. After removing the outer and inner bark from cankers, dark brown necrotic lesions were visible on the xylem tissue. When branch and trunk cankers were cross-sectioned, internal symptoms included characteristic wedge-shaped necrotic lesions which often interested a large part of the section (Fig. 3) . Cankers and bark necrosis on branches and trunks spread from the top downwards. In correspondence of necrotic tissues a number of dark pycnidia erupting from the bark were usually visible. Neofusicoccum australe was the only species recovered from all survey sites in all sampling seasons, 339 of the 510 cankers processed yielded colonies of this pathogen. The isolation frequency (number of cankers with positive isolations of each fungus divided by the total number of cankers examined x 100) of N. australe ranged from 51% to 95% (Tab. 2). The other four Neofusicoccum species were isolated iForest 9: 883-891 885
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Deidda with a lower frequency and were often found at only a few sites (Tab. 2). The isolation frequency of N. australe declined between May and October, whereas N. mediterraneum showed an opposite trend. The other species were predominantly isolated in the spring (Tab. 2).
The remaining 98 isolates were found to represent four distinct species: Diaporthefoeniculina (Sacc.) D. Udayanga & L.A. Castlebury (three isolates, GenBank KP1429 70), two unidentified Cytospora species (seven isolates of species 1, GenBank KP14 2967-KP142968; five isolates of species 2, GenBank KP142969) and Valsa fabianae G.C. Adams, M.J. Wingf. & Jol. Roux (83 isolates, GenBank KP142971 -KP142974). Valsa fabianae was the second most frequently isolated fungus after N. australe. It was isolated from 11 sites and the isolation frequency increased from the spring to the 886 iForest 9: 883-891 
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Deidda autumn sampling. The other three species were isolated at a relatively low frequency from one or a few surveyed sites and only during the spring (Tab. 2).
Pathogenicity tests
The pathogenicity tests highlighted significant differences in aggressiveness among the nine species obtained from branch cankers (Tab. 3). All the Neofusicoccum species except N. vitifusiforme proved to be aggressive pathogens on E. camaldulensis. At the end of the experimental period, all trees inoculated with N. australe, N. luteum, N. mediterraneum or N. parvum displayed dark brown bark lesions that spread up and down the trunk from the inoculation site and also penetrated a few millimeters into the wood. The average lesion size differed significantly according to the species, e.g., the lesions caused by N. mediterraneum (mean = 25.25 cm 2 ) were significantly larger than those caused by N. luteum (mean = 18.61 cm 2 ), N. parvum (mean = 11.08 cm 2 ) and N. australe (mean = 8.9 cm 2 ). All the other fungal pathogens caused small necrotic lesions confined to the inoculation point with no statistically significant difference from the control inoculations. All the fungal species were successfully re-isolated from symptomatic wood and inner bark tissues from all inoculated trees (Tab. 3).
Discussion
This study describes the first survey of pests and diseases threatening E. camaldulensis plantations in Sardinia. Our results have characterized the population dynamics of the principal insect pest, G. brimblecombei, and have clarified the symptomatology and etiology of the severe decline affecting this species. In particular, our data revealed that G. brimblecombei infestations have assumed epidemic proportions at all 12 survey sites and that this pest currently represents the main entomological threat to E. camaldulensis plantations in Sardinia. Its natural enemy P. bliteus was also found at each site, but was not sufficient to limit the population increase of G. brimblecombei which started in May.
Morphological analysis and DNA sequencing revealed nine different fungal species in V-shaped cankers, including D. foeniculina, N. australe, N. luteum, N. mediterraneum, N. parvum, N. vitifusiforme, V. fabianae and two putative new species of the genus Cytospora.
Neofusicoccum species accounted for more than 80% of the isolates, making this by far the most common genus associated with branch cankers in declining Sardinian E. camaldulensis trees. Almost all the Neofusicoccum species we identified have previously been detected on eucalyptus trees (Gezahgne et al. 2004 , Crous et al. 2007a ) with the exception of N. luteum, which is presented here as a eucalypt pathogen for the first time.
Neofusicoccum australe was the most frequently isolated fungal species, and our field survey and pathogenicity test data clearly revealed that it is the major cause of stem and branch canker in Sardinian E. camaldulensis plantations. The high frequency of N. australe agrees with earlier studies conducted in native eucalypt forests, where the dominance of this pathogen prompted the hypothesis that it is native to the southern hemisphere (Burgess et al. , 2006a . In Italy, N. australe was previously reported in association with olive (Olea europaea L.) drupe rot, declining grapevine (Vitis vinifera L.) plants and declining juniper trees (Lazzizera et al. 2008 , Andolfi et al. 2012 , Linaldeddu et al. 2015a .
The other four Neofusicoccum species were isolated at a lower frequency and from only a few sites. Neofusicoccum luteum was previously isolated from eucalypts in Australia by Smith & Stanosz (2001) . However, the definitive identification of Botryosphaeriaceae species was challenging in the past and more than one species has erroneously been described as N. luteum over the years. When the ITS sequence of isolate 96-130 (= ATCC56125) studied by Smith & Stanosz (2001) was used as a BLAST query, we found 100% identity with sequences from the ex-type culture of N. australe (AY339262), suggesting that the isolate is N. australe rather than N. luteum. Although the importance of N. luteum as a eucalypt pathogen is unclear, it infects a wide range of fruit and forest trees worldwide (McDonald et al. 2009 , Adesemoye et al. 2013 , Barradas et al. 2013 ) and has recently been isolated from declining tree heath (Erica arborea L.) shrubs in their natural range in Sardinia (Linaldeddu et al. 2015b) .
Neofusicoccum mediterraneum was originally isolated from eucalypts in Greece (Crous et al. 2007a ) but was later identified as an aggressive pathogen of olive drupes in southern Italy, grapevine and English walnut (Juglans regia L.) in California (Lazzizera et al. 2008 , UrbezTorres et al. 2010 ). To our knowledge, this is the first report of this pathogen in Sardinia. In the pathogenicity tests, N. mediterraneum was the most aggressive species, but because it was only found at a few of the survey sites its impact is marginal compared to that of N. australe.
Neofusicoccum parvum is emerging as a common and cosmopolitan species on diverse host plants, and is now recognized as an aggressive pathogen of grapevine (Urbez-Torres 2011), mango (Mangifera indica L. -Marques et al. 2013 ) and walnut (Cheon et al. 2013) . Neofusicoccum parvum is known to infect several eucalypt species including E. globulus, E. grandis W. Hill ex Maiden and E. saligna Sm. (Gezahgne et al. 2004 ), E. pellita F. Muell and E. urophylla S.T. Blake (Mohali et al. 2007 ). In particular, Gezahgne et al. (2004) found that N. parvum is the major cause of botryosphaeria canker in Ethiopian eucalypt plantations. In our investigation, N. parvum was isolated only sporadically from our field sites suggesting it has only a marginal role in the etiology of the decline of Sardinian E. camaldulensis plantations. However, it is interesting to note that only the trees artificially inoculated with N. parvum showed copious exudations of kino gum at the end of the experimental period.
Neofusicoccum vitifusiforme was originally thought to be restricted to grapevine (Van Niekerk et al. 2004 ), but it was later isolated from olive (Lazzizera et al. 2008) , peach (Prunus persica [L.] Batsch), Chinese plum (Prunus salicina Lindl. -Damm et al. 2007 ) and the northern highbush blueberry (Vaccinium corymbosum L.) (Kong et al. 2010) . Furthermore, both Lazzizera et al. (2008) and Phillips et al. (2013) (Gomes et al. 2013) . In this study, D. foeniculina was isolated with a relatively low frequency at a single survey site and only during the spring. This represents the first report of the species on E. camaldulensis.
Eucalyptus spp. are known to host a large number of species of Cytospora and their Valsa teleomorphs, some of which are thought to cause stem cankers. These genera have a long and confusing taxonomic history because species identification was initially based solely on morphological features. The phylogenetic analysis of different genomic regions has prompted the taxonomic reassessment of many species within these genera (Adams et al. 2005) . We isolated two species of Cytospora (here reported as Cytospora species 1 and 2) with low frequencies at a small number of sites, and solely in the spring samples. We have not named these species because further investigation is necessary to achieve the unequivocal identification of these taxa. Valsa fabianae (anamorph Cytosporaeuca lypticola van der Westh.) was recently isolated from cankered and dead branches of several Eucalyptus species in Australia, Uganda and South Africa (Adams et al. 2005) . More recently, this species was isolated from symptomatic and asymptomatic leaves of E. globulus trees affected by MLD in Spain (Sánchez Márquez et al. 2011 ). In our study, V. fabianae was isolated from 11 sites and the isolation frequency increased from the spring to the autumn.
Conclusions
Our results have shown that N. australe is the main pathogen associated with cankers and branch dieback in Sardinian E. camaldulensis plantations. The high frequency of trees at different life stages with cankers on their stems and branches, as well as fresh exudates of kino gum, suggests that the disease is still in its epidemic phase. Abiotic factors that may facilitate the outbreak of N. australe infections remain unknown, as well as potential synergistic interactions with other Neofusicoccum species and plant stress caused by G. brimblecombei. Our data, together with the results of previous studies on the etiology of decline affecting holm oak (Quercus ilex L.), narrow-leaved ash (Fraxinus angustifolia Vahl) and Phoenician juniper (Juniperus phoenicea L. -Linaldeddu et al. 2011 , Alves et al. 2014 , emphasize how fungal species in the Botryosphaeriaceae family represent a growing threat to forest ecosystems in Sardinia.
